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Abstract
The search for 4He-η bound states was performed with the WASA-at-
COSY facility via the measurement of the excitation function for the dd →
3Henpi0 and dd → 3Heppi− processes. The deuteron beam momentum was
varied continuously between 2.127 GeV/c and 2.422 GeV/c, corresponding
to the excess energy for the dd→ 4Heη reaction ranging from Q = -70 MeV to
Q = 30 MeV. The luminosity was determined based on the dd→ 3Hen reac-
tion and the quasi-free proton-proton scattering via dd→ ppnspectatornspectator
reactions. The excitation functions, determined independently for the mea-
sured reactions, do not reveal a structure which could be interpreted as a
narrow mesic nucleus. Therefore, the upper limits of the total cross sections
for the bound state production and decay in dd→ (4He-η)bound → 3Henpi0 and
dd→ (4He-η)bound → 3Heppi− processes were determined taking into account
the isospin relation between the both of the considered channels. The results
of the analysis depend on the assumptions of the N∗(1535) momentum dis-
tribution in the anticipated mesic-4He. Assuming, as in the previous works,
that this is identical with the distribution of nucleons bound with 20 MeV
in 4He, we determined that (for the mesic bound state width in the range
from 5 MeV to 50 MeV) the upper limits at 90% confidence level are about
3 nb and about 6 nb for npi0 and ppi− channels, respectively. However, based
on the recent theoretical findings of the N∗(1535) momentum distribution
in the N∗-3He nucleus bound by 3.6 MeV, we find that the WASA-at-COSY
detector acceptance decreases and hence the corresponding upper limits are
5 nb and 10 nb for npi0 and ppi− channels respectively.
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1. Introduction
A possible new kind of exotic nuclear matter called mesic nucleus consists
of a nucleus bound via the strong interaction with a neutral meson such as
the η, η′, K or ω meson. Some of the most promising candidates for such
(unstable) bound states are the η-mesic nuclei, postulated by Haider and Liu
over thirty years ago [2]. Current investigations, resulting in a wide range of
possible values of the ηN scattering length, aηN , determined from hadron-
and photon-induced production of the η meson, indicate that the attractive
η-nucleon interaction is strong enough to form an η-nucleus bound system
even in light nuclei [3, 4, 5, 6]. However, the determination of η-nucleus
scattering length is model dependent and does not permit to claim whether
or not a meson binds in nuclei [7]. Most of the theoretical predictions so
far are concerned with nuclei such as carbon or heavier ones, predicting the
η-mesic width in the range of 4-45 MeV [8, 9, 10, 11, 12]. For the η-mesic
4He the predicted width varies in the range of 7-23 MeV [9, 10, 13, 14, 15,
16]. Therefore in this article we present results of the analysis optimised for
the search of the η-mesic states with the width ranging from 5 to 50 MeV.
Moreover, the theories predict η-nucleus bound states widths which are larger
than the binding energies [18, 8, 6, 14, 17]. Even though many experimental
searches have been carried out until now [19, 20, 21, 22, 23, 24, 25, 26, 27],
none of them have brought forth a clear evidence for the existence of such
bound states.
The discovery of mesonic bound states would enable us to broaden the
knowledge of the elementary meson-nucleon interaction in the nuclear medium
at low energies. Moreover, it would provide information about the properties
of the η meson [28] as well as the N∗(1535) resonance [11] inside a nuclear
medium. It could also allow for a better understanding of the η and η′ meson
structure, since according to Refs. [29, 30] the η meson binding inside nuclear
matter is very sensitive to the singlet component in the quark-gluon wave
function of the η meson.
It is claimed that a good candidate for the experimental search of possi-
ble binding is the 4He-η system [4]. Experimental investigations [31, 32] of
the interaction between the 4He nucleus and the η meson lead to observa-
tions which suggest the possible existence of the bound state of these two
objects [19, 20]. The production amplitude for the dd → 4Heη reaction,
extracted from the measured total cross section, rises strongly close to the
kinematic threshold. This is a sign of the existence of a pole int the η-nucleus
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scattering matrix which can correspond to the bound system.
In June 2008, the WASA-at-COSY collaboration performed an experi-
ment dedicated to search for the 4He-η bound state in the deuteron-deuteron
fusion reaction. The experiment was focused on the measurement of the
dd → 3Heppi− reaction in the excess energy range from Q = -51.4 MeV to
Q = 22 MeV. The obtained excitation function for this process did not
show any resonance like structure which could be interpreted as a signa-
ture of η-mesic 4He bound state [33, 34]. Therefore, an upper limit for the
cross-section for the bound state formation and decay in the process dd →
(4He-η)bound → 3Heppi− was determined at the 90% confidence level and was
found to vary from 21 to 27 nb for the assumed width varying from 5 MeV
to 45 MeV.
Here we present results of a subsequent search for the 4He-η state per-
formed with the WASA-at-COSY detector in 2010. In this new measurement
the excess energy range was extended to Q values from -70 MeV to 30 MeV.
As compared to the previous experiment [34], the statistics was increased by
one order of magnitude and in addition to the dd → 3Heppi− process, also
the dd → 3Henpi0 reaction was registered [35, 36]. This paper presents the
results obtained for the aforementioned processes.
2. Experiment
2.1. Measurement description
The experiment was performed with high statistics and high acceptance
at the COSY accelerator using the WASA detection system described in de-
tail in Ref. [38]. The WASA detector consists of a Central and Forward part
for registering meson decay products and for tagging the recoil particles, re-
spectively. The Central Detector consists of the drift chamber (straw tubes),
plastic scintillators and an electromagnetic calorimeter. The momenta of
charged particles are determined from the curvature of the trajectories in
the magnetic field provided by the superconducting solenoid, and registered
in the straw chamber. The charged particles identification is based on the en-
ergy deposited by particles in plastic scintillators and in the calorimeter. The
Forward Detector, covering polar angles from 3◦ to 18◦, consists of fourteen
planes of plastic scintillators and drift tubes which allow for charged particles
identification and for the track reconstruction, respectively.
The measurement was carried out with the deuteron COSY beam scat-
tered on an internal deuteron pellet target (frozen droplets of deuterium) [39,
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40]. During each acceleration cycle, the beam momentum was increased con-
tinuously from 2.127 GeV/c to 2.422 GeV/c, crossing the kinematic threshold
for the dd → 4Heη reaction at 2.336 GeV/c. This range of beam momenta
corresponds to the excess energy range −70 MeV to 30 MeV. The application
of this technique allows to reduce systematic uncertainties with respect to
separate runs at fixed beam energies [34, 41, 42, 43].
The method used to search for the η-mesic 4He state is based on the
measurement of the cross section for the dd → 3Henpi0 and dd → 3Heppi−
processes in the vicinity of the η production threshold. If a bound state
exists, it should reveal itself as a resonance-like structure in the excitation
curve below the dd → 4Heη reaction threshold. The details of the methods
are described in Ref. [34, 33, 35].
2.2. Identification of dd→ (4He-η)bound → 3Henpi0 and dd→ (4He-η)bound →
3Heppi− processes
The selection of the events corresponding to the bound state production
in the dd → 3HeNpi reactions was carried out using criteria based on the
Monte Carlo simulations. The simulations were performed by applying the
kinematic model of bound state production and decay, schematically pre-
sented in Fig. 1.
Figure 1: Model of the 4He-η bound state production and decay in the dd→ 3HeNpi
reaction.
As shown in the figure, after the η-mesic Helium creation in deuteron-
deuteron collision, the η meson is absorbed on one of the nucleons inside
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helium and may propagate in the nucleus via consecutive excitations of nu-
cleons to the N∗(1535) state. The propagation takes place until the resonance
decays into the nucleon-pion pair. As a first guess, in the simulations, it is
assumed that the N∗ resonance in the center of mass frame moves with a
momentum distribution similar to that of nucleons inside 4He [44, 45]. This
assumption was used in the previous work [34]. In addition, in this analysis
the simulations were also performed assuming the momentum distribution of
the N∗ in the N∗-3He bound state according to the very recent theoretical
appraisals from references [46, 47].
The 3He nucleus, consisting of three other nucleons, plays then a role
of a spectator. The simulations were carried out under the assumption
that the bound state has a Breit-Wigner resonance structure with fixed
binding energy Bs and a width Γ. The deuteron beam momentum was
generated with a uniform probability density distribution in the range of
pbeam ∈(2.127,2.422)GeV/c which corresponds to the experimental beam
ramping.
Analyses of the dd → 3Henpi0 and dd → 3Heppi− reactions were carried
out independently. The Helium ions and nucleon-pion pairs were registered
in the Forward and Central Detector, respectively. The 3He identification was
carried out with ∆E-E method based on energy losses in scintillator layers
of the Forward Detector (see e.g. Fig. 2).
Figure 2: Spectrum of energy deposited in the first layer of Forward Window Counter
(FWC1) and the first layer of Forward Range Hodoscope (FRH1) for experimental data.
The selected area for 3He is marked with black line. The empty area below comes from
the preselection conditions.
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Proton and pi− identification is based on the energy loss in the Plas-
tic Scintillator combined with the energy deposited in the Electromagnetic
Calorimeter and is described in details in Ref. [33, 34]. The neutral pions
pi0 four-vectors were reconstructed by combining the four-vectors of gamma
quanta pairs registered in the Calorimeter and selected under the condition
imposed on their invariant mass, while the missing mass technique allowed
to identify neutrons [35]. The invariant and missing mass spectra are shown
in Fig. 3.
Figure 3: pi0 identification based on invariant mass spectrum (left panel) and neutron
identification via the missing mass technique (right panel). Green vertical lines indicate
the boundary of the applied selection criteria.
Additional criteria applied in mx(Ex) spectrum, shown in Fig. 4, allowed
to reduce the background coming from multipion processes - mainly from the
dd→ 3Henpi0pi0 reaction.
Figure 4: Missing mass mx vs. missing energy Ex for Monte Carlo simulation of the dd→
(4He-η)bound → 3Henpi0 (left panel) and experimental data (right panel). The applied
graphical condition is marked as black solid curve.
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Events corresponding to the production of the η-mesic Helium were se-
lected for both the considered reactions based on the 3He momentum in the
center of mass. The signal rich region corresponds to the center of mass mo-
menta of the 3He in the range of pcm3He ∈ (0.07, 0.2) GeV/c. The selection was
improved by additional criteria using the nucleon and pion kinetic energies
as well as the nucleon-pi opening angle in the center of mass system. The
spectra with marked boundaries are presented in Fig. 5.
Figure 5: Spectrum of 3He center-of-mass momentum pcm3He (left upper panel), center-of-
mass kinetic energy of nucleon Ecmkinnucl (right upper panel), center-of-mass kinetic energy
of pion Ecmkinpi (left lower panel) and nucleon-pion opening angle in the center-of-mass
θcmnucl,pi (right lower panel). Data are shown in red (thin solid line) and blue (dotted) line
for dd → 3Henpi0 and dd → 3Heppi− reaction, respectively. Monte Carlo simulations of
signal normalized arbitrarily are shown in black (thick solid line), while the green vertical
lines indicate the boundary of the applied selection criteria.
The yields of the selected events for both processes are shown in Fig. 6
as a function of the excess energy.
9
Figure 6: Raw excitation function for the dd → 3Henpi0 reaction (blue) and the
dd→ 3Heppi− reaction (black). The shown spectra are not corrected for efficiency and
luminosity. Horizontal bars indicate the size of the excess energy interval equal to 5 MeV.
2.3. Efficiency
The overall detection and reconstruction efficiencies were determined based
on the Monte Carlo simulation for the dd→ (4He-η)bound → 3Henpi0 and dd→
(4He-η)bound → 3Heppi− processes taking into account response of detection
system and selection criteria applied in the data analysis and the Fermi mo-
mentum distribution of nucleons in the 4He nucleus according to the model
in [44]. The efficiency was calculated for each of the excess energy intervals
as a ratio of the number of reconstructed to the generated events. For the
generated events a detector response was simulated and the analysis was con-
ducted taking into account the same selection criteria as for the experimental
data. Fig. 7 shows the efficiency for the region rich in signal as well as the
WASA detector acceptance for both the reactions.
More detailed investigations showed that the efficiency dependences on
the bound state width Γ and the binding energy Bs is negligible [35] if
the Fermi momentum distribution is simulated according to the model from
Ref. [44].
2.4. Luminosity
During the beam ramp cycle, the luminosity changes due to beam losses,
as well as due to the changes in the beam-target overlap and adiabatic beam
size shrinking [48]. Therefore, both the total integrated luminosity (i.e. in-
tegrated luminosity summed up over cases of different excess energy values)
and the dependence of integrated luminosity on the excess energy has to be
10
Figure 7: The acceptance and efficiency for dd→ (4He-η)bound → 3Henpi0 (left panel) and
dd → (4He-η)bound → 3Heppi− (right panel) reactions as a function of excess energy Q.
The geometrical acceptance of the WASA detector for both channels is shown with red
triangles while the full efficiency including detection and reconstruction efficiency for the
region rich in signal is shown with black circles. Horizontal bars indicate the size of the
excess energy interval and statistical errors (hardly visible) are shown by vertical bars.
determined. The total integrated luminosity was calculated based on two
reactions: dd → 3Hen and dd → ppnspectatornspectator. The integrated lumi-
nosity dependence on the excess energy, used for normalization of the excita-
tion functions, was determined based on quasi free dd→ ppnspectatornspectator
reaction and is presented in Fig. 8.
Figure 8: Integrated luminosity calculated for the experimental data for the quasi-free
dd → ppnspectatornspectator reaction (blue points). The superimposed red solid line indi-
cates a result of the fit of the third degree polynomial function. Horizontal bars indicate
the size of the excess energy interval and statistical errors (hardly visible) are shown by
vertical bars.
Total integrated luminosities obtained for the two aforementioned pro-
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cesses are consistent within systematics and normalization errors and are
equal to Ltotdd→3Hen = (1102±2stat±28syst±107norm) nb−1 and Ltotdd→ppnspectatornspectator
=(1326±2stat±108syst±64norm) nb−1, respectively. The detailed description
of the luminosity determination can be found in Ref. [35, 36]. It is worth
emphasizing that both efficiency (Fig. 7) and luminosity (Fig. 8) are smooth
functions of the excess energy which allows to avoid any artefact structures
in the determined cross section spectrum.
3. Upper limits of the total cross section
The excitation functions of the total cross section for both investigated
processes (Fig. 9) were determined for the region rich in signal by dividing
the number of events in each excess energy interval (Fig. 6) by the corre-
sponding integrated luminosity L(Q) (Fig. 8) and correcting for the efficiency
(Fig. 7). The obtained excitation curves do not show any structure for en-
ergies below the η production threshold which could be the signature of the
narrow 4He-η bound state existence. Therefore, an upper limit for the cross-
section for formation of the 4He-η bound state and its decay into the 3Henpi0
and 3Heppi− channels were calculated. The excitation functions for both pro-
cesses were fitted simultaneously with a sum of a second order polynomial
and a Breit-Wigner function describing the background and the signal from
the bound state, respectively. Thereby the isospin relation between npi0 and
ppi− pairs emerging from the N∗ decay has been taken into account, which
state that the probability of ppi− pair production is two times higher than in
case of npi0 production. The fit was conducted with fixed binding energy Bs
in the range from 0 to 40 MeV and bound state width Γ from 5 to 50 MeV,
while the polynomial coefficients and the normalization of the Breit-Wigner
amplitude were treated as free parameters. As an example, the excitation
functions with the fit results for binding energy 30 MeV and width 40 MeV
are presented in Fig. 9.
There are 4σ indications of structures above background in the case of
the dd → 3Henpi0 channel, however their assignment to the mesic state is
excluded by the comparison with the dd→ 3Heppi−. The simultaneous fit to
both channels gives a Breit-Wigner contribution consistent with zero within
2σ. Therefore, the upper limit of the total cross section was calculated at
the confidence level 90% based on standard deviation σA of the incoherent
square of the Breit-Wigner amplitude obtained from the fit (σuppCL=90% = k ·σA
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Figure 9: Excitation function for the dd → 3Henpi0 reaction (left panel) and the
dd→ 3Heppi− reaction (right panel). The red solid line represents a fit with a second
order polynomial combined with a Breit-Wigner function with fixed binding energy and
width equal to 30 and 40 MeV, respectively. The blue dotted line shows the second or-
der polynomial describing the background. Horizontal bars indicate the size of the excess
energy interval and statistical errors (hardly visible) are shown by vertical bars.
with k = 1.64 as given in PDG [37]). The values of the obtained upper limits
are shown in Table 1.
Bs [MeV] Γ [MeV] σ
upp
90% [nb] Bs [MeV] Γ [MeV] σ
upp
90% [nb]
10 5 3.8 30 5 3.8
10 10 2.6 30 10 2.5
10 20 2.6 30 20 2.4
10 30 3.1 30 30 2.6
10 40 3.8 30 40 3.1
10 50 4.8 30 50 3.7
20 5 3.9 40 5 3.9
20 10 2.6 40 10 2.6
20 20 2.6 40 20 2.4
20 30 3.0 40 30 2.7
20 40 3.7 40 40 3.1
20 50 4.7 40 50 3.7
Table 1: The upper limit of the total cross-section for the dd → (4He-η)bound → 3Henpi0
process determined at CL=90% for different values of binding energy Bs and width Γ.
The upper limit of the total cross-section for the dd → (4He-η)bound → 3Heppi− process
according to isospin relation is two times larger.
It is worth emphasizing that the upper limit depends mainly on the bound
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state width and just slightly changes with the binding energy (for the analysis
done under assumption of the Fermi momentum distribution as given in
reference [44]). The obtained upper limits as a function of the bound state
width are presented for each of the studied reactions in Fig. 10.
Figure 10: Upper limit of the total cross-section for dd→ (4He-η)bound → 3Henpi0 (upper
panel) and dd → (4He-η)bound → 3Heppi− (lower panel) reaction as a function of the
width of the bound state. The binding energy was fixed to 30 MeV. The upper limit
was determined via the simultaneous fit for both channels. The green area denotes the
systematic uncertainties.
They vary from 2.5 to 3.5 nb for the first process and from 5 to 7 nb for
the second process for the width ranging from 5 to 50 MeV. The values of the
achieved upper limits are predominantly due to the 3Heppi− channel since the
background for this channel is about six smaller than the background due to
the dd → 3Henpi0 process (Fig. 9). The green area denotes the systematics
errors described in the next section.
4. Systematics
Systematic studies were carried out analogically to previous analysis de-
scribed in Ref. [34]. It was investigated, how the variation of the selection
criteria and application of different theoretical models and assumptions in-
fluences the obtained result.
The variation of the selection conditions by ±10% results in the system-
atic error of about 6% in case of dd→ (4He-η)bound → 3Henpi0 and dd→ (4He-
η)bound → 3Heppi− reactions.
A significant source of the systematic error of the upper limit is related
to the luminosity determination based on the quasi-free pp reaction. The
systematic and normalization luminosity errors are equal to about 8% and
14
5%, respectively. The details of the luminosity systematics analysis can be
found in Ref. [35].
The fitting assumptions applied in the analysis provide additional un-
certainty. The error from the fit of a quadratic or linear function to the
background is estimated as
σquad−σlin
2
. It changes from about 3% (Γ=5 MeV)
to 18% (Γ=50 MeV) for both of considered process.
Another contribution is connected with the assumption that the N∗ reso-
nance has a momentum distribution identical to the distribution of nucleons
inside Helium, which was used in the simulations of the bound state creation
and decay. The application of momentum distributions based on two dif-
ferent potential models AV18-TM or CDB2000-UIX [45] causes only slight
changes in the acceptance for simultaneous registration of all particles in the
WASA detector (about 1%). Though the acceptance within the two differ-
ent models of the nucleon distribution changes only slightly, it is important
to test the validity of assuming a nucleon momentum distribution in place
of that of an N∗ inside the nucleus. With this in mind, the first attempt
for the evaluation of the N∗-nucleus potentials was performed in Ref. [46].
The elementary NN∗ → NN∗ interaction was constructed within a pi plus η
meson exchange model and the N∗-nucleus potential was then obtained by
folding the elementary NN∗ interaction with a nuclear density. A couple of
possible bound states of the N∗-3He system, depending on the choice of the
piNN∗ and ηNN∗ coupling constants were predicted. This work was further
extended to evaluate the bound state wave function and the momentum dis-
tribution of the N∗ in nuclei [47]. The N∗- 3He momentum distribution for
a binding energy of -4.78 MeV and -3.6 MeV are shown in Fig. 11.
These distributions are peaked at lower momentum values with respect
to the distribution of a neutron in 4He (red line) and hence leads to a lower
acceptance because more 3He nuclei will fly inside a beam pipe and will
not be detected in the Forward Detector. Using Monte Carlo Simulations
we estimated that the acceptance calculated assuming the 3He momentum
distribution indicated by the dashed line is by about 41% smaller than the
acceptance calculated assuming the distribution presented by the red solid
line.
Thus when assuming in the analysis the Fermi momentum of N∗ in the
N∗-3He system [47] the estimated upper limits vary from 4.2 to 5.9 nb for
the dd → (4He-η)bound → 3Henpi0 process and from 8.5 to 11.9 nb for the
dd→ (4He-η)bound → 3Heppi−, respectively.
The total systematic error was determined by adding in quadrature all
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Figure 11: Momentum distribution of N∗ (black solid and dashed) and neutron (red
solid) inside 4He nucleus calculated for N∗-3He potential for binding energy -3.6 MeV and
-4.78 MeV [46, 47] and n-3He potential with 20.6 MeV binding energy, respectively.
contributions described above and it varies from 42% to 46% for dd→ (4He-
η)bound → 3Henpi0 and dd→ (4He-η)bound → 3Heppi− reaction. The systematic
uncertainties are presented by the green area in Fig. 10.
5. Summary and Perspectives
The experiment dedicated to search for η-mesic 4He in dd→ 3Henpi0 and
dd → 3Heppi− reactions was performed with the WASA-at-COSY detection
setup using the unique ramped beam technique. This method allowed to
change the deuteron beam momentum slowly and continuously around the
η production threshold during each of the acceleration cycles. The accelera-
tion covered the beam momentum range from 2.127 GeV/c to 2.422 GeV/c
corresponding to the excess energy range of Q ∈ (-70,30) MeV.
The excitation functions determined for the dd→ (4He-η)bound → 3Heppi−
and the dd → (4He-η)bound → 3Henpi0 processes do not reveal any structure
which could be interpreted as a signature of a narrow bound state having
a width larger than 5 MeV and smaller than 50 MeV. Upper limits of the
total cross sections for the η-mesic bound state formation and decay were
estimated. A simultaneous fit to excitation functions for both processes re-
sults in the value of the upper limit in the range from 2.5 to 3.5 nb for the
dd→ (4He-η)bound → 3Henpi0 process and from 5 to 7 nb for the dd→ (4He-
η)bound → 3Heppi− reaction, when assuming that the momentum distribution
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of N∗ in the N∗-3He system is the same as momentum distribution of nucle-
ons in the 4He nucleus. However, these upper limits increase by the factor
of 1.7 when assuming in the analysis that the N∗ momentum distribution is
given as given by the results of the recently proposed model [47].
The excitation function for the dd → (4He-η)bound → 3Henpi0 process
was for the first time obtained experimentally. The result obtained for the
dd→ (4He-η)bound → 3Heppi− reaction is about four times lower in comparison
with the result obtained in a previous experiment [34] and comparable with
theoretical predictions resulting in σtot=4.5 nb [49]. To sum up, we may
conclude that the data collected with the WASA-at-COSY detector in 2010
do not reveal a signal for a narrow 4He-η mesic nucleus.
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